Summary: The brain of hypoxia-tolerant vertebrates is known to survive extreme limitations of oxygen in part because of very low rates of energy production and utili zation. To assess if similar adaptations may be involved in humans during hypoxia adaptation over generational time, volunteer Quechua natives, indigenous to the high Andes between about 3,700 and 4,900 m altitude, served as subjects in positron emission tomographic measure ments of brain regional glucose metabolic rates. Two met abolic states were analyzed: (a) the presumed normal (high altitude-adapted) state monitored as soon as possi ble after leaving the Andes and (b) the de acclimated state monitored after 3 weeks at low altitudes. Proton nuclear magnetic resonance spectroscopy studies of the Quechua brain found normal spectra, with no indication of any unusual lactate accumulation; in contrast, in hypoxia-
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The central nervous system in humans as in most mammals displays surprisingly high mass-specific metabolic rates and is widely considered to be the most hypoxia sensitive organ in the body. For this reason, and because cerebrovascular disease re mains an unacceptably frequent cause of death in modern societies, a very large research interest fo cuses on mechanisms of defense against O2 limita tion in the mammalian brain. Most studies in this area deal with acute (hypoxia or ischemic) exposure and concentrate (a) on mechanism of damage, and tolerant species, a relatively large fraction of the glucose taken up by the brain is released as lactate. Positron emis sion tomographic measurements of [18P]2-deoxy-2-fluoro-o-glucose (PDG) uptake rates, quantified in 26 re gions of the brain, indicated systematically lower region by-region glucose metabolic rates in Quechuas than in lowlanders. The metabolic reductions were least pro nounced in primitive brain structures (e.g., cerebellum) and most pronounced in regions classically associated with higher cortical functions (e.g., frontal cortex). These differences between Quechuas with lifetime exposure to hypobaric hypoxia and lowlanders, which seem to be ex pressed to some degree in most brain regions examined, may be the result of a defense adaptation against chronic hypoxia. Key Words: Brain [18P]deoxyglucose-Brain hypoxia adaptation-Brain glucose metabolism.
(b) on (usually pharmacologic) intervention (Ben veniste et aI. , 1984; Choi, 1987; Herman et aI., 1990; Zivin and Choi, 1991; Leblond and Krnjevic, 1989; Globus et aI., 1991; Graham et aI. , 1993) . Longer term acclimation effects on brain hypoxia tolerance are less well understood (Harick et aI. , 1991; La Manna et aI. , 1992) , and the lack of information on effects of hypoxia adaptation of the human brain over lifetime or generational time is even greater (Monge and Leon-Velarde, 1991; Barragan, 1990) ; with the exception of some ongoing studies by M. Barragan and coworkers (personal communication, Biopathology Conference, Cusco, 1990) , studies here are almost nonexistent.
Although hypoxia defense adaptations over phy logenetic time have not been explored in the human species, they have been the focus of intense re search interest in animal species that are known to be exceptionally tolerant of extended hypoxia or even complete O2 lack (Hochachka, 1986; Hoch-achka and Guppy, 1987) . These studies clearly es tablish that the vertebrate brain can be protected for prolonged periods of hypoxia and indicate profound metabolic adaptations that increase hypoxia toler ance. In ectothermic species (Hochachka, 1986; Lutz et aI., 1984; Lutz, 1992; Nilsson et aI. , 1990) and in hypoxia-tolerant (diving) mammals (Murphy et aI., 1980; Hochachka and Somero, 1984) , the cen terpiece in hypoxia defense adaptation is brain hy pometabolism with coordinate suppression of en ergy demand via neurotransmitter-mediated change in metabolism-membrane integration (Lutz, 1992; Doll et aI. , 1991 Doll et aI. , , 1993 . The biologic goal evidently is to keep energy demand in balance with energy supply despite the suppressed rates of metabolism. Interestingly, our positron emission tomography (PET) measurements of regional brain metabolic rates using eSF]2-deoxy-2-fluoro-D-glucose (FDG) raise the possibility that in human subjects (Que chua natives) born and living all of their lives under hypobaric hypoxia conditions, the same kind of de fense mechanisms have been favored. If this inter pretation of our data is correct, it would addition ally suggest that energy demand in the Quechua brain is also (presumably coordinately) down regulated in order to maintain energy coupling and integrated metabolism-membrane functions (Hoch achka, 1986; Suarez et aI., 1989; Edwards et aI., 1989) .
MATERIALS AND METHODS

Subjects
The six subjects used in this study were admitted as patients to the General Clinical Research Center at the University of Wisconsin Clinical Science Center for the 3-day duration of each study session. The subjects were born and lived all of their lives between about 3,700 and 4,900 m and were selected from a list of -30 possible volunteers on criteria of similar age, good health, and life styles. The subjects were young (average age 30 years, range 26-35), minimizing the possibility of occult disease. The average weight was 59 kg (range 53-62). All subjects were of average fitness; although involved in a different set of studies, their V02max was found to average 43.8 ml O2 kg -1 min -1, assessed by bicycle ergometry and well within the range typical of this subject group (Hochachka et aI., 1991; Matheson et aI., 1991) . Initial hematocrit val ues and hemoglobin contents (52.5% ± 3.9 SD and 18.5 ± 1.2 g 100 ml-I, respectively) fell during the 3-week de acclimation period to 46.2% ± 3.4 and 16.5 ± 0.9; both values were somewhat higher than in control subjects (41.8% ± 4.3 and 14.2 ± 1.8), as has been frequently noted in earlier studies (Monge and Leon-Velarde, 1991) . Detailed medical history was taken and indicated that the subjects had no known medical problems, no diabetes, and no hypertension. Neurologic examination included testing of cranial nerves, reflexes, motor strength, and sensory function.
J Cereb Blood Flow Metab, Vol. 14, No.4, 1994 Monitoring different metabolic states PET was used to quantify brain FDG uptake using pre viously described methods (Phelps et aI., 1979) . Brain scanning and uptake rates were acquired for two adapta tional states: (a) the initial (or acclimated) state, assessed between 44 and 73 h (or as soon as possible) after leaving altitude, flight time being included in this time period, and (b) a deacclimated state, assessed after deacclimation (at low altitude) for 3 weeks; exactly 19 days separated the two data acquisition periods. Regional glucose metabolic rates of the brain at these two time periods were com pared with those in six volunteers using lowland subjects, age matched to the Andeans and medically examined in the same way.
PET protocols
The PET imaging protocols used in each of the trials were designed for both heart and brain studies. Subjects were fasted overnight for metabolic standardization. Ve nous cannulae (22 ga) were placed in the left antecubital vein and in a hand vein on the right side and allowed to stabilize for 30 min. The subjects were positioned in the University of Wisconsin/Middleton V A Hospital positron tomograph (Siemens/CTI 933/04) with planes transverse to the long axis and with the 7 plane, 4.6 cm axial field view centered on the cardiac left ventricle. Special atten tion was devoted to alignment and registration because of comparative aspects of the study. Each subject was scanned parallel to the inferior orbitomeatal line and cen tered the same for all subjects. The anatomic correspon dence (first and second sessions) as emphasized below, was considered excellent. The right hand with its venous sampling set was placed in a lucite box at 41°C to induce hyperemia and thus reduce the arteriovenous differences in glucose and tracer concentrations across the finger tis sues. Ambient temperature was -24°C, ambient light was subdued, and the subjects were visibly relaxed during the entire protocol. Transmission data were acquired for at tenuation correction of the heart data (not part of this report). The tracer, FDG was administered as a venous 5.5-mCi bolus. A dynamic image sequence and rapid manual blood sampling commenced at the start of the bolus injection for monitoring plasma glucose and tracer concentrations. Both dynamic frame rate and blood sam pling frequency were reduced as the study progressed. At the end of the 46-min dynamic study (of the heart), the scanner bed was moved to allow imaging of the brain. Planes were selected parallel to the canthomeatal line. Imaging was started as soon as positioning was complete; start times ranged from 53 to 58 min after injection of tracer. Successive 15-min scans were acquired at each of the two axial positions, yielding a total of 14 image planes spanning a 9.2-cm field of view. In order to reduce the already long procedure time (arising from monitoring both heart and brain), we opted to perform calculated attenuation corrections provided by the tomograph man ufacturer for the brain studies. Blood sampling continued until the end of image data acquisitions. Additional blood samples were drawn at various times for the assay of plasma glucose, free fatty acids, insulin, glucagon, and catecholamine concentrations, all of which were in the normal range (data not shown). Plasma glucose concen trations were stable over the data acquisition period (in dicative of steady-state conditions).
The identical protocol was performed with six lowland volunteers who had lived all of their lives at low altitudes (Madison altitude is 250 m) Their average age was 27 years (range 18-32); their average weight was 70 kg (range 66--81). The time course of total radioactivity in plasma from the time of injection to the end of image acquisition was determined for the arterialized blood samples. The ac quired maps of radioactivity concentrations were con verted pixel-by-pixel to maps of glucose uptake rate by means of the characteristic equation of Sokoloff et al. (1977) as modified by Huang et al. (1990) . Standard gray matter rate constant values (Phelps et al., 1979 ) and a lumped constant (LC) value of 0.48 were used. In our analyses, we assumed that the lumped constant was the same for the data for acclimated and deacclimated An deans and the data for the lowlanders; Holden et al. (1991) discuss the rationale behind such assumption and the justification for it. Two tradeoffs in this study might be mentioned. First, dynamic brain studies were not done because we were monitoring the heart while dynamic data were available. Second, in our experience (Clark et al., 1992) , the uncertainty in determining individual rate con stants overrides their benefit; hence, we settled for the statistically more favorable single-scan approach.
Regional estimates for 26 cortical and subcortical areas were derived by visually placing circular regions of inter est (ROI area = 1.1 cm2) to conform to recognized neu roanatomic structures. The actual size of these structures was greater than the inherent resolution of the scanner. These regional estimates were averaged and the three groups compared by means of a one-way analysis of vari ance and Tukey's post-hoc comparison technique at p < 0.05. This initial analysis served two purposes. First, the comparison of average absolute metabolic rate addresses the question of whether the highlander groups differ from normals in the overall rate of brain metaboli· sm. Second, given the limited number of subjects and the number of ROls, this initial test protects against inflated Type I rates (i.e., one statistical test rather than 26). The purpose of the second stage analysis of variance was to determine if specific ROls were more severely affected by chronic hypoxia. Therefore a one-way analysis of variance was done on each region, but to guard against Type I errors in these analyses, a was set at p < 0.005. This criterion also identifies regions of the brain where adaptation effects are most pronounced. If the null hypothesis was rejected, a Tukey pairwise comparison technique was then applied.
Magnetic resonance imaging and spectroscopy (MRI and MRS)
The selection of frontal and occipital brain regions for proton MRS was assisted by (MRI) using procedures (Fig. la, legend ) similar to ones already described (Han stock et al., 1988; Petroff et al., 1989; Frahm et al., 1989; Zhu et al., 1992) .
Proton MRS spectra were obtained using a variant of the STEAM pulse sequence, localizing to a volume of 30
x 30 x 30 mm3 in the occipital and the frontal regions, including both white and gray matter. For each location investigated, four water-suppressed metabolite spectra were taken at successive values of TE (namely, 20, 60, and 120 ms). Spectra from the occipital region were ob tained from all six subjects; spectra from the frontal re gion of the brain were obtained from only five of the subjects.
RESULTS
MRS measurements were made on two selected brain regions in order to check on the possibility of an up-regulation of anaerobic glycolysis that is known to occur in some species during chronic hyp oxia adaptation (LaManna et aI. , 1992; Jones et aI., 1975) . Brain MRI consisting of axial proton density and T 2 weighted images were normal in five sub jects; in the sixth subject, there were several small «3 mm) nonspecific foci of increased signal. No focal or generalized parenchymal volume loss or expansion of cerebrospinal fluid spaces were present. With respect to glycolysis, the limit of this technique for measuring lactate is �0.5-l flmol g-1 of tissue (Hanstock et aI. , 1988) , which is the in vivo range in brain and other tissues under normoxia. Such MRS spectra (Fig. lA-C) show no unusual compounds in the brain of highlanders compared with lowlanders (Hanstock et aI., 1988; Petroff et aI. , 1989) ; N-acetylaspartate, choline, and creatine all occur in normal concentration ratios (Table 1) . Most significantly, from the point of view of this study, lactate (1.33 ppm marked on the 20-ms spec tra) was not evident in any of the spectra taken from any of the six highlanders (Fig. lB,C) . At steady state, at least for the two relatively large volumes of tissue interrogated, brain glucose metabolism seems to proceed in these subjects with no undue formation and accumulation of lactate, in agree ment with earlier invasive measurements of glucose and lactate arteriovenous gradients (Sorensen et aI., 1974) . We therefore assume that in Quechuas the main fate of glucose taken up by the brain is com plete oxidation, as is the usual case in lowlanders.
Representative PET images from a series of 14 transverse sections taken through the brain and color coded according to estimated rates of glucose uptake are shown in Fig. 2a for a control lowlander subject compared with one of the Quechua subjects (JV) on arrival from altitude ( Fig. 2b) and the same subject after 3 weeks of de acclimation (Fig. 2c) . The data from these individuals were selected be cause of the easily observable lower rates of glu cose uptake in the Quechua subject compared with the lowlander. Figure 2 also clearly illustrates the resolution of the technique both in terms of ROI and in terms of reproducibility of positioning and regis tration for the same subject.
With respect to the quantitative evaluation of the data, the analysis of variance for average absolute metabolic rate yielded a significant F value (F2,15 = 6.44; p < 0.01) with both highlander groups being significantly different from the lowlander group, but not different from each other. From these data, one Typical MR proton spectra at TE = 120 ms and TE = 20 ms from the frontal region of one of the Quechua subjects (TA). may infer that the highlander groups have a lower rate of cerebral glucose metabolism and that fur ther, but not statistically significant, decreases oc cur after deacclimation. The regional data are sum marized in Table 2 and Fig. 3 . With the exception of six regions (right and medial parietal slice 1, medial Chemical Shift parietal slice 2, right temporal lobe, occipital cor tex, and left cerebellum), there was a consistent trend (p < 0.05) for the metabolic rates of all ROIs to be lower in the highlander groups. However, these decreases were most pronounced (p < 0.005) in the frontal cortex on slice 1, the medial frontal and left parietal cortex on slice 2, the right and left angular gyrus, and the right thalamus. Coincident with the above effects is a preservation of regional patterns of glucose metabolic rates, implying that the overall region-by-region organization of brain metabolism is similar in all the groups examined (best visualized in Fig. 3 ).
DISCUSSION
The above observations raise the intriguing pos sibility that in man, as in animals, adaptation to chronic hypoxia leads to relative hypometabolism '-< Q ;;: "'" tll ;:;-2.
PET images from a series of 14 transverse sections through the brain for a lowlander control subject (top), an individual Quechua subject (JV) on arrival (mid dle). and the same subject after 3 weeks of deacclimation at low altitudes (bottom). Images are color coded to the same range (white representing highest glucose up take rates, �O.8 fl.mol g-l min-1). a Significance of comparisons (outcome) is indicated by un derlining; underlined comparisons are not statistically different. Numbers 1 and 2 in the regions named refer to slice positions, supraventricular and midventricular slices, respectively. Abbre viations for regions are given in Fig. 3 legend. Three patterns (in addition to one of no significant difference) emerge from the analysis.
of the brain in order to minimize O2 limitation im pacts. To consider two extreme examples, the brain metabolic rates of deep diving seals are only about Vz the rates measured in these studies (in seals, about V5 of the glucose absorbed by the brain ap pears as lactate; see Hochachka and Somero, 1984) , while metabolic rates are even lower in the brain of the most hypoxia tolerant vertebrate known, the aquatic turtle (Suarez et aI., 1989) . The best documented example of severe brain hypometabo lism as part of an hypoxia defense adaptation un doubtedly comes from recent studies of the aquatic turtle. Using labeled deoxyglucose (in a different experimental mode than used in our current study) Suarez et a1. (1989) found that turtle brain glucose metabolic rates are only �1/6 those of the rat, cor rected to the same tissue temperature. What is more, an unusually high fraction of the glucose J Cereb Blood Flow Metab. Vol. 14, No.4, 1994 taken up appears as lactate, a picture somewhat reminiscent of the Weddell seal brain (Murphy et aI., 1980) , but more exaggerated and on a much better experimental data base. Although the full sig nificance of these low metabolic rates may not have been appreciated in earlier publications [indeed Murphy et a1. (1980) were pressed by their referees to stress the similarities of seals to terrestrial ani mals!], it has subsequently become widely accepted that in these systems, ATP-demanding functions of the brain are either down-regulated or are made more efficient, so that energy demand-energy sup ply coupling is not violated as ATP turnover rates decline (Hochachka, 1986; Lutz, 1992; Doll et aI., 1993) . In any event, the organ is less affected by hypoxia because it can function longer on a given amount of oxygen. If this interpretation is correct, it implies that hypometabolism as a general defense adaptation against hypoxi(l may be used by the brain as well as by other tissues of the body (Hoch achka et aI., 1991; Hochachka, 1992) .
To be sure, the residence altitude of the Que chuas studied is not the only way in which they differ from our "controls." Other differences be tween the two groups, beyond our ability to influ ence, include hematocrit, diet, medical care, and altered incidence of migraines as well as a greater possibility of subclinical radiologically occult isch emic disease, particularly in subjects with very high haematocrits (A. Arregui, personal communication, Biopathology Conference, Cusco, 1990) . However, we do not anticipate these to correlate with de pressed glucose uptake rates. For example, glucose metabolic rates do not vary with hematocrits in any consistent way across the three subject groups. With regard to diet, we consider that the only way nutritional differences might influence brain metab olism would be either (a) by influencing availability of substrates such as plasma glucose, or (b) by in fluencing the hormonal picture. To this end, we monitored plasma glucose, free fatty acids, cate cholamines, insulin, and glucagon, and found these to be in the normal range, as is well known from numerous earlier studies (Hochachka et aI., 1991; Sorensen et aI., 1974) . These measurements (J. E. Holden, C. K. Stone, W. D. Brown, and P. W. Hochachka, unpublished data) are more relevant to unraveling heart metabolism in these subjects and therefore are not being presented in this study of brain metabolism. Nevertheless, they do not en courage the view that changes in glucose or fatty acid fuel preferences by brain metabolism underlie the observed differences between indigenous high landers and lowlanders. Similarly, normal concen tration of ketones in subjects fasted overnight is in (Balasse and Fery, 1989) and would not be expected to contribute to the down regulation of glucose metabolism; this might occur, however, after more extended fasting, when ketone availability rises into the 8-mM range. Lactate as a potential alternate fuel for the brain also is consid ered to be unlikely because this process typically requires quite high lactate concentrations (Hoch achka and Somero, 1984) . Head shape and body size also differed somewhat between our two subject groups. However, previ ous studies indicate an inverse relation between brain metabolism and brain volume in men (Hatazawa et al. , 1987; Yoshii et al. , 1988) ; simi larly, numerous allometric studies indicate a similar relation between metabolism and body mass (Wei bel et al., 1991) . If they were to have any impact on our data, then, the factors of smaller brain size and smaller body mass would tend to reduce (not en large) the differences between our two study groups. Interestingly, measurements of mean max imum cranial diameters in both anterior-posterior and lateral dimensions indicate hardly any volume differences; relative to Quechuas, the control sub jects in effect display longer, narrower heads than Quechuas, but similar brain volumes. For all these reasons, it is tempting to speculate that chronic hypoxia is the main selective factor involved and that a general hypometabolism is an adaptive re sponse to chronic hypobaria in the human species as in hypoxia-tolerant animals. In this way, we can account for brain glucose uptake rates in highland ers that are generally lower than in lowlanders. But how are we to explain the deacclimation effects?
As a working framework, we assume (a) that long-term (phylogenetic level) adaptations to hy pobaric hypoxia may differ in expression from
shorter-term acclimation responses, and (b) that rel ative to lowland normoxia, acclimation to hy pobaric hypoxia in man, as in other mammals (Har ick et al. , 1991; LaManna et al. , 1992; Murphy et al. , 1980) , leads to reversible up-regulation of glu cose metabolic capacities [due to increased expres sion of glucose transporters, enzyme machinery, and even capillary density (LaManna et al., 1992) ]. On exposure to lower altitudes, we assume that any such comparable adaptations in the human brain would be (at least partially) reversed and thus would lead to a gradual reduction in glucose meta bolic rates, down to some new set point. Such a process can explain the trend toward lower region by-region brain metabolic rates in the Andean na tives after deacclimation from high altitudes. In qualitative terms, this hypothesis requires that brain glucose metabolism in Andean natives oper ates between two set points determined by nor moxia or hypoxia adaptation state, both of which are lower than in low landers. Whether or not sim ilar glucose uptake rate adjustments occur in low landers after acclimation to hypobaric hypoxia is unknown. Studies showing a reduction in cerebral blood flow after 3 weeks at high altitude (Rootwelt et al. , 1986) could imply that brain glucose uptake rates in lowlanders acclimate in a qualitatively sim ilar way to that observed for Quechuas in this study. However, further and more direct studies on the acclimation process in low landers are clearly needed to confirm or reject similarity with the re sponses of Quechuas. One final question arising from the regional met abolic data is whether there is regional selectivity in this adaptation process. Although there was a def inite trend for all regions of the brain of Quechuas to exhibit a decrease in cerebral metabolism, the dif-ferences were most pronounced in frontal cortex and the angular gyri, and less pronounced in more primitive brain structures, such as the cerebellum or sensory cortex (e.g., the occipital and temporal cortex). Two exceptions to this general observation were the right and medial parietal cortex in slice 1. However, these data suggest that there may be a functional component to the adaptation process where regions involved in central functions (such as maintenance of hemostasis, processing sensory in put, and executing basic motor responses) are less affected than those regions classically associated with higher cortical functions. If confirmed, this hy pothesis would suggest that different mechanisms may come into play in chronic hypobaric hypoxia adaptation than in acute hypoxia responses.
In conclusion, we have for the first time nonin vasively examined regional brain metabolic rates in a group of subjects adapted to hypobaric hypoxia over many generations. We have found in such sub jects (a) that brain glucose metabolic rates are con sistently lower than in lowlanders, an effect that is expressed to some degree in essentially all 26 re gions examined, and (b) that brain metabolic rates modestly decline further after a period of 3 weeks at low altitude, reaching a new set point of metabolism that is even more strikingly different from that of normoxic lowlanders. Similar low mass-specific metabolism is considered a near-universal defense adaptation of the central nervous system in hypox ia-tolerant animals.
The implications for clinical research on central nervous system responses to oxygen limitation would seem to be considerable.
